Abstract
Introduction
The abundances of gas species in environmental systems are controlled by numerous physical, 19 chemical and biological processes and conditions. Gases are therefore highly useful proxies to 20 study the dynamics of environmental processes and can be of great utility to study the interplay 21 of these processes. In particular, chemically inert gases (noble gases; He, Ne, Ar, Kr, Xe) were 22 successfully used to study and quantify physical transport and mixing of fluids as well as the 23 exchange between gas and water or biofluids. 28, 29 Such quantitative information on the physical 24 processes controlling the dynamics of gases in environmental systems is required to quantify and 25 interpret the turnover and the fate of biogeochemically active species (e.g., O 2 , CO 2 , CH 4 , N x O x ) 26 in terms of chemical and biological processes 5,21,30-35 27 The dynamics of gases and the associated processes in environmental systems are often not 28 accessible from "snapshot data" obtained from single samples reflecting the conditions of a system 29 at a unique point in time. In order to capture the complete evolution of the gas species of interest, 30 data series with sufficiently high temporal and spatial resolution are required. Careful optimisa-
31
tion of the sampling strategy in terms of sampling frequency and locations is therefore of utmost 32 importance, but is often very challenging due to the lack of prior knowledge of the gas dynamics 33 within a given system.
34
The currently applied methods for environmental gas analyses are usually targeted at a single 35 gas species or limited set of gases, and are often based on expensive and highly specialised instru-36 ments and techniques for sampling and subsequent laboratory based quantification. [36] [37] [38] [39] [40] [41] [42] Acquiring 37 data sets comprising a sufficiently complete suite of both inert and active gas species at the re-38 quired spatial and temporal resolutions therefore poses numerous practical limitations related to 39 field-work logistics, access to specialised laboratories and data turnaround time that often prevent 40 acquisition of suitable data sets.
41
The way forward to overcome these technical and logistical limitations is to simultaneously membrane contactor. In contrast, a modified atmospheric-pressure gas analyser targeted for GE- 
80
Here we present a simple, compact, and portable mass spectrometric system with low sample 81 gas consumption ("miniRuedi"). 
131
Data processing and calibration
132
The peak heights in the m/z spectrum are recorded in a user-defined sequence of the relevant 
138
The blank-corrected s m/z values are calibrated in terms of the partial pressures of the different 139 gas species in the sampled gas by peak height comparison relative to a reference gas with well 140 known partial pressures of the species of interest. The mixing ratios of the different gas species in 141 the gas are unaffected by the gas passage through the capillary, because the viscous flow regime 142 prevailing throughout most of the capillary prevents fractionation of the gas species. For a given 143 total gas pressure at the capillary inlet, the peak height at a given m/z value is therefore linearly 144 related to the partial pressure of the respective gas species in the sampled gas. Note, however, that 145 the capillary gas flow approaches the molecular flow regime at the outlet to the QMS vacuum. The 146 rate of the total gas flow through capillary is therefore not a perfectly linear function of the total gas 147 pressure at the capillary inlet. 54 We found this nonlinearity to be negligible for the quantification 148 of the partial pressures (bias < 1%) if the pressure difference between the sample gas and the 149 8 In order to account for drifts in the instrument sensitivity resulting from changes in the flow 158 resistance of the gas inlet or the sensitivity of the mass spectrometer, the standard gas is analysed
159
periodically in between sample gas analyses. The s m/z values obtained in a given sample-gas 160 analysis step are then calibrated using the s m/z values of the standard-gas analysis steps interpolated
161
to the analysis time of the sample gas step. Finally, the standard error of the sample gas analyses 162 is estimated from the standard deviation of replicate analysis results obtained from standard gases.
163

Results and Discussion
164
Laboratory tests
165
To test the linearity of the s m/z values in response to variations in the partial pressures of the 166 gas species at the capillary inlet, we prepared a gas mixture with mixing ratios of approximately 167 7.0% He, 0.24% CH 4 , 16% O 2 , 72% N 2 , 1.8% Ar, and 3.1% CO 2 . This test gas was kept in a 168 gas sampling bag (Linde, Plastigas) and was incrementally diluted with 99.999% pure N 2 . The 169 dilution factor was determined by quantifying the CO 2 and CH 4 mixing ratios of the dilution using 170 a cavity ring-down spectroscopy analyser (Picarro G2201-i). Figure 2 shows the peak heights 171 obtained from analyses of each test gas dilution step, whereby the total pressure of the gas mixture 172 and its dilutions in the sample bag was always kept at ambient pressure (960 hPa). This dilution pressure of the respective gas species at the capillary inlet.
To assess the drift of the F and M sensitivity over time, the instrument was set to continuously 176 analyse an air sample during 70 h in a laboratory with stable ambient temperature. calibration intervals therefore need to be adapted to changes in the ambient conditions. In addition,
187
the choice of the averaging time and the drift calibration intervals will also need to be adapted to 188 the time resolution of the measurement results required to assess the gas dynamics of the system 189 being studied.
190
The Allan deviation corresponds to the resolving power of the measurement and hence indi- The absence of any gas purification stage requires special attention to avoid matrix effects 198 related to ions of different gas species that contribute to the same signal at a given m/z ratio, e.g.,
199
due to multiple ionisation of gas species or isobaric gas molecules. 56 Multiple ionisation can be 200 reduced substantially by reducing the electron impact energy in the ioniser unit in the QMS. Figure 2 . Nevertheless, it is important to note that such interferences may become relevant in gas 215 matrices that are very different from the air-like gas assessed in this work.
216
To test the miniRuedi performance as a GE-MIMS with miniature membrane contactors at low 217 water flow, we compared GE-MIMS measurements using miniature membrane contactors (Liqui-
218
Cel G591, 11 cm 3 external volume) with measurements using the large membrane contactor as used large contactor. Figure 5 shows that using a single miniature contactor may result in a small bias 227 of the gas partial pressures relative to those observed in the large contactor. For the tested gas 
Application examples
In the three application examples below, we demonstrate the utility of the miniRuedi for the anal-255 ysis of the gas dynamics in different environmental systems and field settings. The examples were 256 chosen to cover both gaseous and aqueous matrices and to span a wide range of processes and rates 257 controlling the natural gas dynamics.
258
Soil gas formation and hence allows quantification of the air-derived O 2 that has been transformed within the landfill.
273
In addition, the N 2 /Ar ratio is elevated in one well by approximately 30% relative to the atmo-274 spheric ratio, which points to N 2 production by denitrification. Such combined analyses of inert 275 and active gas species are therefore highly beneficial to quantify the turnover of O 2 and other gases 276 and thus allows assessing the efficiency of landfill aerobisation. fluxes across the water surface using a CO 2 / CH 4 analyser. 58 The mass balance of the gas species 282 in the chamber is controlled by the gas exchange across the isolated section of the water surface.
283
We connected the gas inlet of the miniRuedi to the floating chamber and recorded the change in the labs. In addition, data turnaround time was reduced and the quality of the 3 He/ 4 He and δ 13 C data 320 set used for detailed characterisation of the hydrothermal fluids was optimised.
321
Assessment
322
Our laboratory tests and field applications demonstrate the performance and flexibility of the 323 miniRuedi for on-site gas analysis in a wide range of environmental systems and applications.
324
The miniRuedi provides real-time partial pressure measurements of He, Ne (in dry gas), Ar, Kr, 325 N 2 , O 2 , CO 2 and CH 4 both in gaseous and aqueous matrices. The low gas consumption opens 326 up new possibilities for unbiased GE-MIMS quantification of dissolved gas concentrations at low 327 water flow, gas analysis in flux chambers, and other systems with low gas throughput where sample 328 gas consumption must be minimised to avoid interference with the natural gas dynamics. In con- We thank Philipp Weber for support with the lab tests and Anja Bretzler for editing assistance.
339
Further, we thank the four anonymous reviewers for their constructive comments. Tables   Table 1: Parts list (see also Figure 5 : Bias in partial pressures obtained from GE-MIMS measurements in groundwater using miniature membrane contactors (Liqui-Cel MicroModule, type 0.5 × 1 / G591) relative to partial pressures in larger membrane contactors as required for the original GE-MIMS instrument 49 (Liqui-Cel MiniModule, type 1.7 × 5.5 / G542). The miniature contactors were operated either as a single unit or as a parallel combination of two units. Groundwater was pumped through the membrane contactors, and tee branches were used to split the water flow among the membrane contactors for parallel operation of the MicroModules and the MiniModule. The error bars reflect the variability of the gas concentrations in the groundwater flow and the noise in the MS detector signals during each measurement. 59 He, CO 2 , and CH 4 concentrations in water samples taken at water depths of up to 2 km (note the logarithmic axis scales).
